Plutonium loading in a plutonium-thorium (Pu-Th) mixed oxide (MOX) fuelled pressurized water reactor (PWR) core is typically constrained by large maximum radial form factors (RFF) and positive moderator temperature coefficient (MTC). The large form factors in higher Pu content fuels stems from the large differences in burnup, and thus reactivity, between fresh and burnt fuel, while positive MTC can potentially be the result of the high soluble boron concentrations needed to maintain criticality for such reactive fuel. The conventional solution to these problems is the use of burnable poisons (BPs). While BPs are able to reduce RFF, the positive MTC is not entirely due to a large critical boron concentration (CBC) requirement. In fact, analysis shows a positive MTC in Th-Pu fuel is mainly caused by fissioning in the epithermal-fast energy range. A reduction in epithermal-fast fissioning through the use of certain BPs and the strategic employment of loading patterns that encourage leakage are more effective in attaining negative MTC, as a reduction in CBC has a negligible effect on MTC. This paper examines the contributions to positive MTC by isotope and energy and identifies characteristics of BPs that are able to mitigate positive MTC in a Pu-Th MOX PWR core.
105
• Thermal and resonance absorption: A decrease in moderator density also reduces 106 the number of neutrons absorbed in fissile material in the thermal range (especially in
107
Pu fuel) creating a negative reactivity effect -a decrease in k eff . However, depending 108 on the nuclide mix, an increase in absorption in the epithermal-fast energy range might 109 be either parasitic or contribute to fission.
110
• Hydrogen absorption: A moderator density decrease further reduces the number of 111 neutrons lost to absorption by hydrogen in the coolant, creating a positive reactivity 112 effect -an increase in k eff .
113
• Boron absorption: If the reactivity of the core is controlled using soluble boron, 114 then a decrease in coolant density also means that the amount of soluble boron in the 115 reactor decreases, as some of it is forced out of the core, resulting in a decrease in 116 neutron absorption in boron -an increase in k eff .
117
• here is from (Ganda and Greenspan, 2010). In normalizing "per absorbed neutron", the 166 system infinite multiplication factor (k ∞ ) is broken down as follows:
where ν j = the average number of neutrons produced per fission in system component j, Σ ai,f j = one-group cell-averaged macroscopic fission and absorption cross-sections of system components i and j, Φ i,j = the neutron flux in system components i and j.
k ∞ can be written as
where η j = the total number of fission neutrons emitted per neutron absorbed in component j, f j = the fraction of neutrons absorbed in component j out of the total number of neutrons absorbed in all the system components i, which is a definition that differs slightly from the standard one for f.
In the definition above, "component" refers to any division required, e.g. by isotope, energy group, etc. For a change in moderator temperature, T , the MTC by component can now be expressed as follows:
and the subscripts and superscripts n and p denote for the nominal and perturbed conditions,
173
respectively. 
195
These changes in MTC can be attributed to the changes in the parameter η -the number 232 Th and 233 U absorption cross-sections show that 232 Th is an epithermal absorber compared to 233 U, which is more of a thermal absorber.
We must take this into consideration when choosing a suitable burnable poison that will 208 help improve the MTC of the fuel. 
219
• BP nuclide/isotope: The type of nuclide determines the magnitude of the absorption 220 cross-section. Large absorption cross-sections (e.g.
157 Gd) imply that the BPs will have 221 a very large initial effect (i.e. large reactivity hold-down), but then quickly burnt out.
222
The effect of these variables on BP behaviour will differ depending on the material used.
223
For example, due to the strong self-shielding of gadolinium, the exact method of loading, i.e. number of pins and enrichment, will affect the reactivity curve, but, in contrast, for to provide the necessary amount of excess reactivity compensation. contender.
259
We then considered homogeneously mixed BPs placed in all the pins in the assembly.
260
The nuclides examined were commercially available BPs, including gadolinium, erbium, Gd to have the most promise. We then plot the variation for 1 wt% of the crucial absorbing 271 isotopes for each nuclide in Fig. 7b , and then adjust the wt% of each isotope to ideally burn 272 out after the first cycle in Fig. 7c . 164 Additionally, note that in Fig. 7b , the reactivity for the homogeneously mixed BP of 283 1 wt% 157 Gd is strongly suppressed initially, and burns out quite quickly. At the end of 284 the first cycle, however, its reactivity is higher than the case with no BP. This is a spectral 285 history effect of 233 U. As 157 Gd is a strong thermal absorber, it hardens the neutron spectrum.
286
However, since 232 Th is an epithermal absorber (Fig. 4) , this encourages breeding of 233 U.
287
When 157 Gd proceeds to burn out at the end of the cycle, the spectrum softens, creating an 288 ideal environment for the fissioning of 233 U, and thus the increased reactivity seen in Fig. 7b . From the options discussed so far, Fig. 8 The main contributor to a positive MTC is increased fissioning in the epithermal-fast 305 region. As we will see, a decrease in CBC is not essential to help attain a negative MTC;
306 instead leakage and a reduction in epithermal-fast fissioning are more important.
307
For standard uranium cores, it is well-understood that for an increase in moderator 308 temperature, boron content in the core will be reduced and cause an insertion of positive For our full-core study, we analyse 3 commonly used loading patterns (LPs) shown in with the IFBA giving the most hold-down and 177 Hf the least (Fig. 10b ). This behaviour is 322 not necessarily reflected in the MTC, however (Fig. 10c ).
323
First, we note from Fig. 11 (a close-up of the results in Fig. 10c LP3 is adopted, where fresh fuel assemblies are loaded in the interior of the core.
329
The second behaviour to note from the MTC of the different fuels in Fig. 12 (another nuclides. • High RFF that stems from the large differences in burnup and therefore reactivity 350 between fresh and burnt assemblies.
351
• Positive MTC, which was originally thought to be primarily caused by the large soluble 352 boron concentrations needed to maintain criticality for fuel with high Pu content. The judicious use of BPs can reduce RFF without much compromise on cycle length.
357
However, depending on the principal poison isotope, the use of BPs has varying effects on
358
MTC.
359
The results of this investigation into the effects of BPs on MTC in Th-Pu-fuelled PWRs
360
can be summarized as follows:
361
• The MTC of Th-Pu fuel is affected much more by core leakage than by BPs. For low-362 leakage cores, where fresh fuel is placed towards the centre of the core, BPs can help 363 lower MTC, but, for high-leakage cores, the use of BPs will only marginally improve
364
MTC, if at all.
365
• 177 Hf provides the least reactivity hold-down, but as the most significant contribution 366 to positive MTC is from increased fissioning in the epithermal-fast energy range, and
367
177 Hf has resonances in this region, it is able to mitigate this effect.
368
• In contrast, 155 Gd can deteriorate MTC as it is a strong thermal absorber. Its absorp-369 tion cross-section is much smaller in the epithermal region, so a shift in spectrum to 370 higher energies results in an insertion of positive reactivity.
371
• IFBAs containing 50 wt% 10 B of 0.004 cm thickness on all pins performed relatively 372 well for all three parameters of interest -RFF, CBC and MTC.
373
While high-leakage cores have a stronger effect in mitigating positive MTC, the use of
374
BPs will be important when a low-leakage core is required. 
